Fouling of hollow fibre microfiltration and ultrafiltration membranes by solutions of pure organic compounds and mixtures of these compounds was studied with a backwashable membrane filtration apparatus. Small molecular weight compounds resulted in little fouling, while their polymeric analogues resulted in more severe fouling. Neutrally charged dextran resulted in minor, irreversible fouling, that was considered to be associated with blocking of small pores. Cationically charged chitosan produced gross fouling for which the extent of reversibility increased with salt addition. Anionically charged alginic acid resulted in gross irreversible fouling, except when being filtered by a hydrophilic membrane in the absence of calcium where a high degree of flux recovery was observed. Calcium addition to the alginic acid solutions resulted in gross fouling of all membranes and calcium bridging was considered to be responsible for this behaviour. Greater fouling occurred on the hydrophilic membrane compared to the hydrophobic membranes for bovine serum albumin (BSA) solutions, and this was considered to be due to physical blocking of pores, because addition of calcium resulted in lower flux declines. Addition of BSA and calcium to alginic acid solutions resulted in lower flux recoveries for the alginic acid system, consistent with the proposition that interactions between polysaccharide and other compounds are required for irreversible fouling on hydrophilic membranes.
INTRODUCTION
Organic fouling of low pressure membranes arising from microfiltration (MF) and/or ultrafiltration (UF) of surface waters and wastewaters usually determines the time between chemical cleaning events and the operating flux. It has been a much studied phenomena, with early laboratory investigations using well defined systems such as humic acid solutions or soil derived natural organic matter (NOM) to investigate the mechanism of fouling (Jucker & Clark ; Gu et al. ; Chang & Benjamin ; Schäfer et al. ; Lin et al. ; Jones & O'Melia ) . These studies inevitably identified humic acid type compounds as a major foulant of MF and UF membranes, and calcium was identified as a bridging compound that enables adsorption of the organic acids within the pores of the membrane.
While these studies clearly identified the fouling mechanism for such organic compounds, the composition of organic compounds was quite different to those of surface waters and wastewaters, where high concentrations of hydrophilic compounds exist. Subsequent fouling studies using natural waters identified hydrophilic compounds as the major fouling component for surface waters and wastewaters (Amy & Lee et al. ) . Invariably these studies identified the large molecular weight components of the hydrophilic fraction of organic material, the polysaccharides, as the main foulant for these systems.
However, more recent studies have shown that the polysaccharide compounds can frequently be backwashed from membrane surfaces (Huang et al. ; Hughes et al. ) , and do not always contribute to irreversible fouling of membranes. Gray et al. () have suggested that additional compounds are required to enable the polysaccharides to be adhered to membranes, and therefore interactions between the various organic constituents are important. It is this proposition that the present work seeks to address, and to determine which compounds are likely to assist in the adherence of polysaccharides to membranes and under what conditions.
METHODS
Pure solutions of individual and binary mixtures of specific organic compounds were used to study the fouling of commercially available, hollow fibre membranes. The organic compounds were selected as representative of classes of molecule or of organic compounds found in surface waters and wastewaters. Emphasis was placed on those compounds considered to fall into the hydrophilic fraction of organic molecules, as these were considered the molecules that comprise the gel fouling layer on membrane surfaces (Laîné et al. ) . The specific compounds chosen for study are listed in Table 1 .
All materials were obtained from Sigma-Aldrich except for dextran which was obtained from Acros Organics. The monomeric materials and BSA were of analytical grade: glucosamine (99%), N-acetyl-glucosamine (99%), glutamic acid (99%) and BSA (98%, product number A6003). Chitosan (product number 448869) was 75-85% deacetylated of low MW form, 50-190 kDa, producing a Brookfield viscosity of 20-200 cPs at a 1% solution in 1% acetic acid. Alginic acid (product number 180947) was as the sodium salt, MW of 120-190 kDa, with a Brookfield viscosity of 20-40 cPs at 1% in water. Dextran was a biochemistry grade with a MW average of 250,000. All feedwater solutions were prepared with deionised water of ultra-pure quality generated from Millipore DirectQ water purification unit.
Solutions of these compounds were filtered through a 0.45 μm filter to remove any non-dissolved entities, except for the alginate and chitosan solutions which were filtered through a 1.2 μm glass fibre filter. A different filter was used for the alginate and chitosan, as these materials had a high rejection on the 0.45 μm filter that suggested that this filter was removing dissolved, as well as non-dissolved, components of the solutions. The final concentrations were 5.0 ± 0.4 mg/L DOC (dissolved organic carbon) at pH 6 ± 0.1. The effect of ionic strength was investigated by the addition of 2.2 mM NaCl. Additionally, calcium chloride was added to investigate the effect of Ca 2þ on fouling.
When mixtures of organic compounds were used, the concentration was maintained at 5.0 mg/L DOC. Three commercially available hollow fibre membranes were used. The polypropylene (PP) membrane was a hydrophobic membrane with a nominal pore size of 0.2 μm. Two polyvinylidene fluoride (PVDF) membranes were also used, both with a nominal pore size of 0.1 μm; one being hydrophobic (PVDF-1) and one hydrophilic (PVDF-2). The contact angle measurements were determined with a Cahn dynamic contact angle analyser in a previous study (Gray et al. ) and the membrane fibre length was 600 mm. The membrane characteristics are summarised in Table 2 .
Filtration experiments were performed with a single fibre, hollow membrane test rig operated at a constant pressure of 0.5 bar (see Figure 1 ). Filtration was controlled by data acquisition and control software, which enable backwashing of the fibres every 30 min for 20 s, followed by a feedwater flush for 20 s. The backwash water was supplied by opening a valve from a pressurised water tank. Although the PP and PVDF-2 membranes were backwashed according to this regime, this was not possible for the PVDF-1 membrane since it became dewetted upon backwashing. This was thought to be due to the release of dissolved air on the permeate side of the membrane, and was particularly problematic when clean water was used (i.e. with no adsorption to reduce the hydrophobicity of the membrane). To some extent, the PP membrane also suffered from this dewetting phenomenon, but the larger pore size allowed the membrane to be rewetted using pressurised feed (6 bar) after every backwashing event. The hydrophilic PVDF-2 membrane showed no tendency to dewet after backwashing, so filtration could resume normally after it was backwashed with permeate.
All filtrations were conducted from the outside of the fibre to the inside of the fibre. Initial wetting of the membranes was by ethanol soaking. The ethanol was then rinsed from the membrane with de-ionised water before use. Experiments ran until 5 L of feed had been filtered or for 3 days.
It is common to analyse flux decline curves using models for pore constriction, pore blocking and cake filtration, or combinations thereof (Yuan et al. ) . However, these models assume a uniform flux profile across the entire membrane area, and this is not the case for hollow fibre membranes (Carroll & Booker ) and therefore these models are not applicable for use with hollow fibre membrane systems. Carroll () has modelled cake layer formation on the surface of hollow fibre membranes, but this approach requires that the mode of fouling be known or assumed rather than being derived from the data.
Therefore, fouling was assessed by considering flux decline relative to clean water flux at the beginning of the filtration (relative flux ¼ flux/initial flux). Filtrations were performed in the supercritical region with all determinations achieving an average initial flux displayed in Table 3 . If the relative flux at the end of the filtration period was in the range of 0.7-0.9 then fouling was considered negligible, 0.4-0.7 was considered moderate, 0.1-0.4 was considered significant and a relative flux <0.05 was considered gross. Rejection of the organic compounds was also measured to assist in determining the mechanism of fouling, while the degree of flux recovery upon backwashing was also noted.
RESULTS
Each of the model organic compounds was assessed for its fouling propensity in the presence and absence of salt.
Results for N-actyl-glucosamine and dextran with the PP, PVDF-1 and PVDF-2 membranes, alginate with PVDF-2 membranes and BSA with PVDF-2 membranes are shown in Figures 2-5 , and all results are summarised in Table 4 . The low molecular weight monosaccharides, N-acetylglucosamine, glucosamine, and glutamic acid, showed negligible fouling on all of the membranes studied with the fouling curves being similar to those shown in Figure 2 . The flux decline in Figure 2 is similar to that obtained for long term filtration of Milli Q water indicating no significant effect of the monosaccharides on fouling of the membranes. Rejections were also negligible, consistent with these compounds passing through membranes with little effect.
For dextran, there was only minor flux decline for each membrane with fouling being irreversible for the hydrophobic membranes and slightly reversible for the PVDF-2 membrane. The low rejection suggests that only a small fraction of the dextran, perhaps that passing through smaller pores, fouled the membrane while most passed through with little affect. For the cationically charged chitosan, these supercritical flux filtrations saw gross fouling that was irreversible unless salts were present, indicating a charge adsorption process. When salts were present, the hydrophilic PVDF-2 membrane showed greater flux recovery upon backwashing, followed by the PP and PVDF-1 membranes, suggesting that electrostatic charge is important for adhesion of the filter cake to the membrane in this instance.
For the anionically charged alginic acid, the fouling was gross for all membranes except that there were significant differences for flux recovery upon backwashing for the different membranes. For the hydrophobic PVDF-1, the fouling with alginic acid was gross and irreversible regardless of whether salt was added or not. For the PP membrane, fouling was significant with slight reversibility with or without salt addition, while for the hydrophilic PVDF-2 there was greater flux recovery upon backwashing. When calcium was added to the alginic acid solution, there was gross irreversible fouling for all membranes. This seems to indicate that adhesion between alginic acid (negatively charged polymer) and membranes was greatest when the degree of hydrophobicity of the membrane was large, and that hydrophobic forces are controlling in the supercritical zone. Addition of calcium, however, made the fouling severe and insensitive to the membrane type, indicating that chemical effects dominate fouling in this instance and this is consistent with calcium bridging binding of the alginic acid. The high rate of rejection also suggests that alginic acid is similar or larger in size to the pore size, and that a filter cake forms during filtration. For BSA, the fouling of the hydrophilic PVDF-2 membrane was irreversible with major fouling in the absence and presence of salts, while addition of calcium decreased the significance of the fouling. For the hydrophobic membranes, however, the degree of fouling was negligible to moderate and irreversible in all instances. This is the opposite trend to that of alginic acid fouling where it was more severe on the hydrophobic membranes and more severe in the presence of calcium. The lower rejections with the addition of salt and calcium suggest that the BSA compressed in size due to charge shielding or calcium binding between function groups on the molecule, making it easy to pass the filters. Addition of salts may also have reduced the electrostatic repulsion between the BSA and membrane, thus increasing the rate of fouling.
The effect of combining compounds on membrane fouling was studied and the most significant effects were seen for the alginic acid -BSA system. These results are shown in Table 5 and Figure 6 .
Clearly the addition of BSA to alginic acid solutions greatly affected the degree of flux recovery upon backwashing, as did the addition of calcium. Interestingly, the initial rate of fouling was similar in all instances, indicating the filter cake build up was similar in all instances. Therefore, the flux decline curves diverge from each other because the adhesion of the filter cake to the membrane is greater for the combined alginic acid-BSA-Ca mixtures compared to the alginic acid only mixtures. These results are consistent with the proposition of Gray et al. () , where it was suggested that polysaccharides were the major constituent in the filter cake, but additional compounds were required for it to adhere to the membrane surface during backwashing.
CONCLUSIONS
Fouling of commercially available hollow fibre membranes with pure organic components indicated that small molecular weight compounds resulted in negligible fouling irrespective of membrane type. Fouling with dextran, a polymeric neutral molecule was minor and irreversible for hydrophobic membranes, and minor and slightly reversible for the hydrophilic membrane. However, charged polymers under supercritical conditions were grossly fouling and the fouling was irreversible in all instances except for alginic acid on the PVDF-2 membrane and chitosan in the presence of salt. This indicated that electrostatic charge was important for fouling of chitosan on polymeric membranes, while hydrophobic interactions are more important for alginic acid systems. Addition of calcium to alginic acid solutions resulted in irreversible fouling, as calcium bridging of the organic compounds to the membrane resulted in greater adhesion. BSA fouling showed opposite trends to alginic acid, being greater for the hydrophilic PVDF-2 membrane and irreversible in all cases. While fouling of alginic acid on PVDF-2 was reversible, addition of BSA (protein) and/or calcium reduced the flux recovery upon backwashing within the supercritical flux region, demonstrating greater adhesion between the filter cake and membrane when BSA and calcium were added. This is consistent with the proposition of Gray et al. () , that interactions between organic compounds is required for polysaccharides to irreversibly foul hydrophilic membranes.
